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On July 4 of this year,

CERN made a very

special announcement.

A new subatomic particle

has been discovered.

Its properties are consis-

tent with those of the

long-sought Higgs boson.

What does it all mean?

2



Discovery of the Higgs Boson

Part 1: Theory (Heather Logan)
- Introduction: forces and particles

- The problem of mass

- The Higgs mechanism

- Searching for the Higgs particle

Part 2: Experiment (Thomas Koffas)
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Particle physics studies the structure of matter on the smallest
scales that we can probe experimentally.

Size of atom = 1/100-million cm
Size of nucleus = 1/100,000 of atom

Image: Fermilab Image: Contemporary Physics Education Project
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Matter is made up of quarks and leptons.

Quarks Leptons

Generation 1 → d u e νe
Generation 2 → s c µ νµ
Generation 3 → b t τ ντ
electric charge: −1/3 +2/3 −1 0

Atoms:

proton = u+ u+ d (bound state of 3 quarks)

neutron = u+ d+ d (bound state of 3 quarks)

electron = e− (a charged lepton)
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Matter particles interact via the four known forces

Gravity Electromagnetism
Graviton (never observed; must be massless) Photon (massless)

Image: European Southern Obs. Image: Wikimedia

Strong interaction Weak interaction
Gluon (massless) W± and Z bosons (not massless!)

Image: Wikimedia p+ p→ D + e+ + νe
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Each force is carried by a “force carrier”

Gravity Electromagnetism
Graviton (never observed; must be massless) Photon (massless)

Image: European Southern Obs. Image: Wikimedia

Strong interaction Weak interaction
Gluon (massless) W± and Z bosons (NOT massless!)

Image: Wikimedia p+ p→ D + e+ + νe
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We have a problem...

The force carriers of the weak

interaction are definitely not

massless!

Image:

Contemporary Physics Education Project

Our quantum-mechanical understanding of forces (via “gauge

theories”) requires that the force carriers are massless.

How can this be reconciled with reality?
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We have another problem...

Quarks and leptons also have a mass problem.

It starts with the spin of fermions, and what we know from
experiment about how the weak interaction “talks” to them.

Quarks and leptons are fermions:

spin 1/2.

Heather Logan Discovery of the Higgs Boson: part 1 Carleton U. Oct 2012

10



For fast-moving particles, it’s convenient to quantize spin along
the direction of motion: these are called helicity states.

If a particle is moving slower than the speed of light, you can
“transform” a right-handed particle into a left-handed particle
(from your point of view) by running faster than it:

If a particle has no mass, it moves at the speed of light: you
can’t run faster than that, so the two helicity states are physically
distinct.
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The problem: Weak interactions treat left-handed and right-
handed particles differently!
- W± bosons couple only to left-handed fermions.
- Z bosons couple with different strengths to left- and right-
handed fermions.

This is called parity violation.

Discovered 1957 by C.-S. Wu

in processes involving weak

interactions.

Image: Smithsonian Institution

This would be like the charge of the electron being different
depending on which reference frame you look at it from.
Impossible, since electric charge is conserved!
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The only sensible solution: all particles are massless!

Then they travel at the speed of light, and left- and right-handed states are physically distinct.
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The only sensible solution: all particles are massless!

Then they travel at the speed of light, and left- and right-handed states are physically distinct.

That is not the world we live in.

The real solution:

Fill the vacuum with a “sea” of weak-charged stuff.

- Quarks and leptons can pick up the extra weak charge they

need to flip helicity.

- Weak-interaction force carriers interact

with the “sea”, which gives them an ef-

fective mass.

This “sea” is the Higgs field:

– like a magnetic field but without a di-

rection.
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A quasi-political explanation of the Higgs boson by David Miller

(UC London), for the UK Science Minister, 1993: Cartoons: CERN

Imagine a cocktail party of political workers...

These represent the Higgs field filling space.
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bla

A Prime Minister enters and crosses the room. Political workers

cluster around her, impeding her progress.

The Higgs field interacts with a particle, giving it a mass.
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bla

bla

Now imagine that a rumour enters the room...

A particle collision “kicks” the Higgs field, creating a vibration...
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bla

The rumour generates a cluster of people, which propagates

across the room.

The Higgs boson is a wave or vibration in the Higgs field.
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But the universe defaults to the lowest-energy state.

- A magnetic field carries energy: you need a source to produce one.

So how can there be a Higgs field filling the entire universe?

The solution:

- The Higgs field interacts with itself.

- Minimum-energy configuration has nonzero Higgs field!

- It sucks itself into existence!

Potential energy function:

V = −aH2 + bH4

Minimum energy configuration is at a
nonzero field strength.
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But the universe defaults to the lowest-energy state.

- A magnetic field carries energy: you need a source to produce one.

So how can there be a Higgs field filling the entire universe?

The solution:

- The Higgs field interacts with itself.

- Minimum-energy configuration has nonzero Higgs field!

- It sucks itself into existence!

Potential energy function:

V = −aH2 + bH4

Minimum energy configuration is at a
nonzero field strength.

Called the “Mexican hat potential” :)

Image: U.S. National Park Service
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A crazy idea... how do we test it?

We need to “kick” the Higgs field and create a vibration.
Then we can measure the properties of the vibration.

We can kick up a vibration—a Higgs particle—by colliding ordi-
nary particles.

Kicking up a Higgs vibration requires a minimum “quantum” of
energy, related to the Higgs particle mass: E = mc2.
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Producing a Higgs boson

To “kick” the Higgs field, you

need a “foot” that interacts

with the Higgs...

...one with lots of Higgs-field

?star power?.

That means we need to collide

very massive particles!
Quarks Leptons

Generation 1 → d u e νe
Generation 2 → s c µ νµ
Generation 3 → b t τ ντ
electric charge: −1/3 +2/3 −1 0

But ordinary matter is made out of the

lowest-mass quarks and leptons.

Higgs production is very rare! :(

proton = u u d
neutron = u d d
electron = e−
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Producing a Higgs particle in collisions of protons:
We actually “kick” the Higgs with a virtual top quark, W± or Z.

• Gluon fusion, gg → H

• Weak boson fusion, qq → Hqq �����
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�

• WH, ZH associated production

• ttH associated production
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Detecting a Higgs particle:
The Higgs boson quickly breaks down (“decays”) into the things
it interacts with most strongly.

Sheet1

Page 1

bb 0.5770
WW* 0.2150

0.0857
tau tau 0.0632
cc 0.0291
ZZ* 0.0264
2 photons 0.0023

gg

bb
WW*
gg
tau tau
cc
ZZ*
2 photons

⇐ 2 best

⇐ channels!
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Hang on, the photon is massless...

How can the Higgs boson decay into photons?

Again, it actually decays via a virtual top quark or W± boson.
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Is There a Light Scalar Boson' ?

L. Resnick, M. K. Sundaresan, and P. J. S. %atson
Department of I'hysics, Carleton University, Ottawa, Canada

(Received 28 July 1972; revised manuscript received 2 January 1973)
In view of recent theoretical interest in the possibility of a light scalar boson $ we discuss some of
its properties and possible methods for detecting it. Cross sections for its production are typically 10 '
of competing processes, with the possible exception of 0+ 0 transitions in nuclei. We also give a
general method of determining the mass of a particle from the energy of its decay products alone,
which does not seem to be well known.

I. INTRODUCTION

Interest in the unified model of weak and elec-
tromagnetic lnteractlons of Welnberg has been re-
cently aroused by a number of theoretical develop-
ments. ' ' Among the requirements of the model
is the existence of a scalar boson, coupling to
muons and electrons, whose mass is not predicted
by the theory. Two of the present authors' have
recently shown that the discrepancy between the
theoretical predictions and the experimental val-
ues of certain muonic x-ray transitions can be ex-
plained if a light scalar meson exists, with an ef-
fective coupling of about that of the weak interac-
tions. '
In this paper we amplify the comments made

about the Q in Ref. 7, and discuss possibilities
for observing it. In Sec. IE we discuss the mass,
couplings, and decay modes of the P; in Sec. III
we discuss potential effects on known processes,
and in the final See. IV various possible experi-
ments are analyzed.

II. PROPERTIES OF THE P

In Ref. 7 an upper limit of 8 MeV was given for
the mass of the Q, based on the relative shifts in
the Ba 4f -Sd and Pb 5g-4f muonic x-ray transi-
tions. We have now performed a X2 analysis on
all the data "0 and this shows that the previous
upper limit was too low. The X2 plot shows a
broad minimum centered on 8.5 MeV, but any val-
ue between 0 and 22 MeV is acceptable. Although
it is not possible to put a lower limit on the mass
from the muonic data, we can put a very rough
limit from other arguments. The mass must clear-
ly be finite, as a massless particle with an effec-
tive coupling some 10"times larger than the grav-
itational coupling would give rise to enormous non-
saturating forces. Macroscopic experiments to
measure G find essentially the same result (to
within much better than 10jp), using experimental
designs with widely varying interaction lengths be-

tween a, centimeter and a kilometer. The potential
due to Q-exchange and gravitation has the form

1 2 — ~—(g»—„'e ~ +Gmq'),

and so we require

when r-1 cm. This leads to a very approximate
lower limit of 10 ' eV.
The value of g~„-„g~„y required to fit the data"

varies between 4~10 ' for m @=22 MeV and 2X10 '
for m~=0. If this is accepted at face value and we
take

gg(, p2/4m=(I/2v)(m„'/m~')(G m '/v2)

as provided by %'einberg's model, where C& is
the Fermi coupling constant and m~ is the mass
of the proton, we find g@„~'/4m=1.3x10 '. The
value of g»-„'/4v is then dependent on the mass
of the Q, and we find

g»„'/4m = I S—xl0 'eo. '2'"~ (m~ in MeV) (2)

to an accuracy of a few percent in the range
0&m@&30 MeV. We note as a curiosity that if we
assume (quite unjustifiably) that the Q couples to
all fermions proportional to their mass, then

2 2g4$N ~E~P 1 1y 104~

which implies m@= l6 MeV, well within the allowed
range.
Since the (Ie) couples to nucleons it is also nec-

essary that it couple to pions via hadronic loops,
but the triangle diagram corresponding to a sin-
gle nucleon loop is divergent. Thus the coupling
constant of Q to pions cannot be calculated reli-
ably, and we will assume below that it is negli-
gible. However, it would be very interesting to

IS THE RE A LIGH T SCALAR BOSON?

measure the Pionic x rays corresponding to the
muonic x rays measured by Dixit et al. to see if
there was any similar anomaly.
The two decay modes available to the Q meson

are to e'e and to two photons. The former [Fig.
1(a)] is calculated straightforwardly in Weinberg's
model and has a probability

2f(y-e'e-)= "' ~[1-(e '/m ')]"' (5)4 2

The two-photon decay mode involves the well-
known triangle diagram [Figs. 1(b) and 1(c)] that
has already been evaluated by Steinberger, "
Schwinger, "and others. " We have only included
the contributions due to e'e and p,

'
p, interme-

diate pairs and not included contributions from
hadrons [Fig. 1(c)] in the intermediate loop. Using
g~„- ~m, (l = e, p, ) in Weinberg's model, we find

-' e''m m1(y-2&)= " —' ~ ~ iI +I i~
4m 4„4 2 e+ P

1 y x (4)
It = dg d& 1-4&$1-&7m

0 0

For m~=8 MeV, it turns out thatI&=0. 333+Oi,
I, = -0.033+ 0.069i, and we obtain a branching
ratio 1'(&f& - 2y)/I'(p —e' e )= 6.46 x 10 '. Hadronic
contributions may very well give larger effects
than the p. ,e loops but are difficult to calculate
quantitatively. However, it is most unlikely they
would make the two-photon mode as large as the
e"e mode. For example the effect of the hadron-
ic loop in Fig. 1(c) may be represented as a fac-
tor 1+gy~g~ /g@&& m„=1.5 multiplying I~, because
I„/I„=1; even then the branching ratio is in-
creased by a factor less than 2. We find for m~ in
the range, 1.022&m@& 30 MeV, a lifetime of the
order of 10 ' sec; the path length before decay is
several to tens of centimeters. If the mass of the
scalar meson m~ is less than 2m, , it cannot decay
into e+e pair and the only decay mode available is
into two photons. Its lifetime is then of the order
of 10 ~ sec and its detection by the usual methods
of high-energy experiments would be very difficult.

III. EFFECTS OF A LIGHT Q

Clearly the existence of the Q will alter the elec-
tromagnetic and weak properties of elementary
particles, and it might be thought that already ex-
isting measurements would be sufficient to rule
it out. Perhaps surprisingly, this is not so. For
example, Jackiw and Weinberg have calculated its
effect on the p anomalous magnetic moment and
found it below the observable level.
There are a number of models in the literature'

which discuss Weinberg-type models incorporating
hadrons. At least one of these requires that m&
be greater than 10 GeV (Refs. 14, 6), and all re-
quire the existence of further particles of various
kinds. At the present we are therefore inclined to
regard the Q in a mainly phenomenological manner,
with the minimum of additional theoretical ideas
which we have taken from steinberg's original
model. It is therefore necessary to ask what re-
strictions on the interactions of the Q can be de-
duced from known results, in addition to those
mentioned above. It would appear necessary that
the Q couplings conserve strangeness, otherwise
we would expect & - Tt' p 'p ™to be roughly com-
petitive with K- vp, v (Fig. 2), but this may be ef-
fected by other means. Paschos and Wolfenstein"
have indicated that Weinberg's original model may
already be incompatible with experiments measur-
ing inclusive neutrino cross sections. However,
this is due to the presence of a massive neutral
vector boson, which induces neutral currents,
rather than the Q. The coupling of the Q to leptons
is proportional to the mass of the lepton, and thus
it does not couple to neutrinos; hence neutrino in-
teractions are unaffected by it.
An intriguing possibility, however, arises in

certain nuclear transitions. As is well known0'- 0' transitions such as those in "0and '"Po
proceed by pair emission (as in "0)or internal
conversion (as in "~Po), and these are of order
n'. However, the P can be emitted by a first-
order process, and it appears that the two pro-
cesses might be competitive. The matrix element

(a) (c)
FIG. 1. (a) Decay of Q into e+e . (b) Decay of f4[) into 2y through a lepton triangle. (c) Decay of Q into 2y through

a hadron triangle.
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Enter the Large Hadron Collider...

P. Higgs congratulating ATLAS spokesperson

on Higgs boson discovery (or vice versa?)

Picture: Christian Science Monitor

...that part of the talk belongs

to my experimentalist colleague.
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Where next? ⇒ Understand the Higgs!

The Standard Model predicts a nice simple relationship between
the mass of a particle and its coupling strength to the Higgs.

If that’s not the whole story,

new effects will show up in the

Higgs couplings.

More than one Higgs field?

Different fermions may get

masses from different fields.

! !

'↵↵⇤✓✏◆⌧⇤⌦*⇧+,⌥◆⌅￼0⌦↵⌫⇧⌃⌦;⇧⌅⇣1◆⌅◆⌃6⌥⌦
◆￼￼0⌦⌘⇤✓✏⇧⌫0⌦

! ✏ ⇧⇣⌃⌘✓)◆✓✓⇧⌃,￼￼.⌃⇣,⇤⇣✓⌃
✓ ⇣✓⇧￼),)✓￼⌫⌃⇠⇡

! ✏ ⇧⇣⌃⌘✓)◆✓✓⇧⌃⇢4⇢￼⌫⌃⇠⇢

⌘✏6⌅$6⌫$⌦1⇧$⇤⌥ 1⇧⌫⇤⌦*⇧⌃,⌥◆✓6✏⇤$⌦1⇧$⇤⌥

Theorist’s job: figure out what this means for the Higgs theory!
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